We study one-pion transitions between charm baryon states in the framework of a relativistic three-quark model. We calculate the charm baryon-pion coupling factors that govern the S-wave, P-wave and D-wave one-pion transitions from the s-wave and the lowest lying p-wave charm baryon states down to the s-wave charm baryon states. For these we obtain: g ΣcΛcπ =8.88 GeV −1 , f Λ c1 Σcπ =0.52 and f Λ * c1 Σcπ =68.9 GeV −2 . We compare our rate predictions for the one-pion transitions with experimental results.
The last few years have seen significant progress in the study of the spectroscopy of ground state and excited state charm baryons and their strong one-pion decays [1] - [7] . The CLEO [2] - [5] , ARGUS [6] , and E687 [7] Collaborations reported on measurements of the mass difference between charm baryon states [2] - [7] , upper limits for their total widths [1, 3, 4] and first estimations of excited Σ * c baryon decay rates [5] . Due to the small release of energy in these transitions the analysis of the one-pion decays of charmed baryons provide an excellent laboratory for tests of heavy quark symmetry predictions on the one hand and tests of the soft dynamics of the light-side one-pion diquark transitions on the other hand. The one-pion transitions among charm baryons have been analyzed before in the framework of the Heavy Hadron Chiral Perturbation Theory (HHCHPT) [9, [11] [12] [13] , in the Constituent Quark Model [8, 9] and in the Light-Front Quark Model [10] . In the HHCHPT analysis one makes no assumptions about the composition of the light-side states involved in the one-pion transitions of the heavy baryons. Using the measured rates of Σ *
where Γ i and λ B Q are spin and flavor matrices, respectively; g B Q and g π denote the couplings of the respective hadrons with the constituent quarks; Λ B (Λ π ) are the cutoff parameters defining the distributions of light quarks in the heavy baryon (pion). The baryon cutoff parameter Λ B is chosen to be the same for charm and bottom baryons such that one has the correct normalization of the baryonic Isgur-Wise function [18] in the heavy quark symmetry limit. The quantum numbers and matrices Γ i and λ B Q define the structure of the relevant three-quark charm baryon currents and are listed in Fig. I ) has the following form in the heavy quark limit
where λ π , λ B i and λ B f are the flavor matrices of the pion, the initial and the final baryons, respectively.
Here S q (k) = 1/(m q − k) is the light quark propagator (q = u, d, s). The parameter Λ q 1 q 2 = M Qq 1 q 2 − m Q denotes the difference between the heavy baryon mass M Qq 1 q 2 and the heavy quark mass m Q . All dimensional parameters are expressed in units of Λ B . The integrals are calculated in the Euclidean region both for internal and external momenta. Finally, the results for the physical region are obtained by analytic continuation of the external momenta after the internal momenta have been integrated out.
As an illustration of our calculational procedure we first evaluate the matrix element Eq. (4) in the simplified case where the pion has a local coupling to its constituent quarks, i.e. where the vertex πqq form factorF π (k 2 ) ≡ 1. As it turns out this is already a good appriximation. For example, we have calculated the integral Eq. (4) with the baryonic vertex function being chosen in the Gaussian form for two cases: (1)F π ≡1 and (2)F π = exp(−k 2 /Λ 2 π ), Λ π =1 GeV. The results differ from each other by O(10%). In the calculation of (4) withF π (k 2 ) ≡ 1 we use the α-parametrization for quark propagators and the Laplace transform for the vertex function
The kinematics of the one-pion transitions allows one to make use of the approximations:
where m π , m i and m f are the masses of the pion, the initial and the final baryons, respectively, divided by Λ B . Then, by making the variable replacement α i → (s 1 + s 2 )α i and by using Γ i 2 = γ µ and Γ f 2 = γ 5 the overlap integral can be seen to be proportional to q µ such that
The last integral may be evaluated numericaly for any given functionF B . Here we will use a Gaussian vertex functions both for baryons and the pion in Eq. (4).
In order to make contact with experimental numbers let us first define a set of coupling constants describing the one-pion transitions. For the transitions discussed in this paper the coupling constants are defined through the expansion of the the invariant one-pion transition matrix elements. One has [10] 
where the I 1 and I 3 are the flavor factors which are directly connected with flavor coefficients C flavor (see Eq. (3)) via relations I i = f i · C flavor , i = 1 or 3. The sets of I i and f i are given in TABLE II. We have also indicated the orbital angular momentum of the pion in Eq. (9) . The transversity in Eq. (9) is defined with regard of the velocity v = p/m of the decaying baryon, i.e. q ⊥ µ = q µ − v µ (q · v). In fact, to leading order in the HQET expansion one has v = v ′ . In general, however, v = v ′ from momentum conservation. By keeping track of momentum conservation in Eq. (9) using v = v ′ one is including a part of the nonleading effects. The structure of the covariants in Eq. (9) is patterned after the leading order HQET result which predicts g ΣcΛcπ = g Σ * c Λcπ = g [11] . It is an easy exercise to rewrite e.g. the p-wave q ⊥ γ 5 -coupling in terms of the usual γ 5 -coupling. The expression for g is written as
One can then go on and calculate the one-pion decay rates using the general formula
where | q | is the pion momentum in the rest frame of the decaying baryon. In terms of the above coupling constants one obtains
We use different values for the parameterΛ q 1 q 2 for baryons containing only nonstrange light quarks and one or two strange quarks:Λ,Λ s andΛ ss , respectively. For the time being we shall avoid the appearance of unphysical imaginary parts in the Feynman diagrams by imposing the following condition: the baryon mass must be less than the sum of constituent quark masses. In the case of heavy-light baryons this restriction implies that the parameter Λ q 1 q 2 must be less than the sum of light quark masses. The last constraint serves as the upper limit for our choices of the parameterΛ q 1 q 2 .
Let us now specify our model parameters. The coupling constants g B Q and g π in Eqs. (1) and (2) are calculated from the compositeness condition (see, ref. [18] ), which means that the renormalization constant of the hadron wave function is set equal to zero Z H = 1 − g 2 H Σ ′ H (M H ) = 0 where Σ H is the hadron (charm baryon and pion) mass operator. We thus remain with the cutoff parameters (Λ B , Λ π ) and parameters (Λ,Λ s ,Λ ss ) as the adjustable parameters in our approach. The masses of the u and the d quarks are set equal (m u = m d = m q ). The value of m q is determined from an analysis of nucleon data: m q =420 MeV. The pion cutoff parameter Λ π = 1 GeV is fixed from the description of low-energy pion observables (constants f π and g πγγ , electromagnetic radii and form factors defining the transitions π → πγ and π → γγ * ) [14] - [16] . [1, 13] . For the pion masses we take their experimental values m π ± = 139.6 MeV and m π 0 = 135 MeV [1] .
We now present our numerical results for the strong charm baryon-pion couplings and for the one-pion decay rates. In TABLE III we list our results for one-pion coupling constants. For comparison we give also the results of Light-Front (LF) Quark Model [10] which have been only available up to now. One can see that the values of the P -wave and D-wave coupling constants are in qualitive agreement with the Light-Front quark model predictions. However, we disagree on the value of the S-wave coupling constant f Λ c1 Σcπ . The disagreement can be traced to different choices of the momentum distribution of the light quarks in the charm baryon. A smaller value of f Λ c1 Σcπ is welcome if one sums up the three exclusive one-pion rates of the Λ c1 (see, TABLE IV) and compares the sum to the total experimental rate Γ(Λ c1 ) = 3.6 +2.0 −1.3 MeV. From the results of our model calculation we obtain Γ(Λ c1 ) > 3.12 ± 0.97 MeV consistent with the experimental total rate whereas the Light-Front model has Γ(Λ c1 ) > 6.49 MeV which lies above the experimental rate. One can hope that more precise experimental study of strong decays of excited Λ c1 baryons in the near future can test the predictions of our approach and the LF quark model. All our results for the onepion decay rates of charm baryons are collected in TABLE IV. The uncertainties for the calculated rates reflect the experimental errors in the charm baryon masses (see , TABLE I) . For comparison we have also listed the predictions of the Light-Front quark model [10] and experimental results, where available. One can only hope that there will be more precise data on the one-pion transitions of the excited Λ c1 baryon states to the ground states in the near future such that one can perform a more detailed comparison with the model predictions of dynamical models such as described in our approach and in the LF quark model.
Let us add a comment of the relation of our approach to the chiral invariant coupling method used for example in [11] . The chiral formalism implies that all one-pion coupling factors are proportional to the factor 1/f π associated with the pion field. In our approach the corresponding factor emerges in the following way. The pion-quark-antiquark coupling g π can be seen to obey the Goldberger-Treiman relation g π · f π = 2m q with an accuracy of a few percent. Hence our approach agrees with the chiral approach [11] in that the pion leptonic constant f π effectively appears as a dimensional parameter in the coupling factors.
In conclusion, we have calculated strong one-pion decays of charm baryons. We have obtained predictions for the values of couplings of charm baryons with pions and for the rates of the two-body transitions B i c (p) → B f c (p ′ ) + π(q). We have compared our results with data obtained with the use Light-Front Quark Model [10] . As a next step we plan to study one-photon transitions between charm baryons. Also we intend to extend our results to the bottom baryon sector. Tables  TABLE I Quantum numbers 
List of
Σ + c → Λ c π 0 1 √ 3/2 Λ c1 (2593) → Σ 0 c π + 1 3/2 Σ 0 c → Λ c π − 1 √ 3/2 Λ c1 (2593) → Σ + c π 0 1 3/2 Σ ++ c → Λ c π + 1 √ 3/2 Λ c1 (2593) → Σ ++ c π − 1 3/2 Σ * 0 c → Λ c π − 1 1/2 Ξ * c1 (2815) → Ξ * 0 c π + 1/ √ 2 1/2 Σ * ++ c → Λ c π + 1 1/2 Ξ * c1 (2815) → Ξ * + c π 0 1/2 1/2 Ξ * 0 c → Ξ 0 c π 0 1/2 1/2 Λ * c1 (2625) → Σ 0 c π + 1 √ 3/2 Ξ * 0 c → Ξ + c π − 1/ √ 2 1/2 Λ * c1 (2625) → Σ + c π 0 1 √ 3/2 Ξ * + c → Ξ 0 c π + 1/ √ 2 1/2 Λ * c1 (2625) → Σ ++ c π − 1 √ 3/2 Ξ * + c → Ξ + c π 0 1/2 1/2 Ξ * c1 (2815) → Ξ 0′ c π + 1/ √ 2 1/2 Ξ * c1 (2815) → Ξ +′ c π 0 1/2 1/2
